Leukotrienes (LTs) are lipid mediators of inflammation formed by enzymatic oxidation of arachidonic acid. One intriguing aspect of LT production is transcellular biosynthesis: cells expressing 5-lipoxygenase (5LO) form LTA4 and transfer it to cells expressing LTA4 hydrolase (LTA4H) or LTC4 synthase (LTC4S) to produce LTB4 or LTC4. This process has been demonstrated in vivo for LTB4, but not for cysteinyl LTs (cysLTs). We examined transcellular cysLT synthesis during zymosan-induced peritonitis, using bone marrow transplants with transgenic mice deficient in key enzymes of LT synthesis and analyzing all eicosanoids by liquid chromatography/ tandem mass spectrometry. WT mice time-dependently produced LTB4 and cysLTs (LTC4, LTD4, and LTE4). 5LO ؊/؊ mice were incapable of producing LTs. WT bone marrow cells restored this biosynthetic ability, but 5LO ؊/؊ bone marrow did not rescue LT synthesis in irradiated WT mice, demonstrating that bone marrow-derived cells are the ultimate source of all LTs in this model. Total levels of 5LO-derived products were comparable in LTA4H ؊/؊ and WT mice, but were reduced in LTC4S ؊/؊ animals. No differences in prostaglandin production were observed between these transgenic or chimeric mice. Bone marrow cells from LTA 4H ؊/؊ or LTC4S ؊/؊ mice injected into 5LO ؊/؊ mice restored the ability to synthesize LTB4 and cysLTs, providing unequivocal evidence of efficient transcellular biosynthesis of cysLTs. These results highlight the potential relevance of transcellular exchange of LTA 4 for the synthesis of LTs mediating biological activities during inflammatory events in vivo. chimeric mice ͉ leukotriene B4 ͉ mass spectrometry ͉ leukotriene E4 ͉ 5-lipoxygenase
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eukotrienes (LTs) are biologically active lipid mediators that play important roles in inflammation and are involved in pathological states with an inflammatory component, such as asthma, cardiovascular disease, or cancer (1) (2) (3) (4) (5) . They derive from arachidonic acid (AA) through the action of 5-lipoxygenase (5LO) (6) , an enzyme expressed in a limited number of cells, including neutrophils, eosinophils, monocytes, macrophages, mast cells, and basophils (7, 8) . Considerable work has led to our current understanding of events regulating the formation of these mediators. AA is released from phospholipids by cytosolic phospholipase A 2 ␣ (cPLA 2 ␣) after this enzyme translocates from cytosol to perinuclear membranes of cells, usually following an increase in calcium ion concentration (9) . 5LO, a soluble protein in the cytosol or nucleoplasm of resting cells, also translocates to perinuclear membranes when calcium levels increase (10) . 5LO oxidizes free AA to 5-hydroperoxyeicosatetraenoic acid. This intermediate can be reduced by peroxidases to 5-hydroxyeicosatetraenoic acid (5-HETE) or dehydrated, in a second 5LO-catalyzed reaction, to leukotriene A 4 (LTA 4 ). 5LO action is facilitated by 5LO-activating protein (FLAP), an integral nuclear membrane protein, and the assembly of a multienzymatic machine to make LTs (10) (11) (12) . Thus, LTA 4 is formed near the nuclear envelope, and this chemically reactive molecule must find its way either to leukotriene C 4 synthase (LTC 4 S), another nuclear membrane protein that conjugates LTA 4 with glutathione to form leukotriene C 4 (LTC 4 ), or to cytosolic LTA 4 hydrolase (LTA 4 H), which stereospecifically opens the epoxide ring and controls the addition of water at carbon-12 to form leukotriene B 4 (LTB 4 ). LTC 4 can be metabolized by sequential proteolytic hydrolysis to leukotriene D 4 (LTD 4 ) and leukotriene E 4 (LTE 4 ); these 3 compounds are collectively termed cysteinyl LTs (cysLTs). The final LT products derived from LTA 4 play important roles in inflammation, such as inducing neutrophil chemotaxis (LTB 4 ) or causing edema and smooth muscle contraction (LTC 4 , LTD 4 ) (1, 2). The effects of these eicosanoids are mediated by G-protein coupled receptors. Two have been identified for LTB 4 (BLT 1 and BLT 2 ) (13, 14) , and 3 for cysLTs (cysLT 1 , cysLT 2 , and GPR17) (15) (16) (17) . Although the protein has not been identified, a novel receptor showing specificity for LTE 4 has been recently described (18) . CysLT 1 receptor antagonists are currently used to help control asthma symptoms, and drugs that interfere with LT biosynthesis or action are candidates for preventing cardiovascular disease (19, 20) .
LT production is regulated at different levels (8) , including methylation of the 5LO promoter (21) and posttranslational control of 5LO activity through phosphorylation, interaction with FLAP (11, 12) , and translocation induced by calcium or free AA (22) . Additionally, experimental evidence suggests that cells cooperate in the synthesis of LTB 4 and LTC 4 . For example, human platelets, which express no 5LO, can interact with activated neutrophils, which do not express LTC 4 S, to generate LTC 4 (23) . Many other instances of transcellular LT biosynthesis have been described (24) . The chemical half-life of LTA 4 in buffer is less than 5 s (25), which implies some protective mechanism of the epoxide ring during transfer from the donor cell to the acceptor cell.
Mice deficient in enzymes responsible for LT synthesis are valuable tools to test the extent of transcellular formation of LTs. Koller and colleagues illustrated this value by transplanting bone marrow from LTA 4 H Ϫ/Ϫ mice into lethally irradiated 5LO
Ϫ/Ϫ mice (26) . In a peritoneal inflammation model, LTB 4 was found to be synthesized, proving that transcellular biosynthesis did occur in vivo. Production of LTB 4 in these chimeric animals was significantly lower than in WT controls or 5LO Ϫ/Ϫ mice rescued with WT bone marrow. This raised questions about the extent of transcellular biosynthesis, whether this was a minor pathway for in vivo LT generation, or whether LTA 4 was converted into other products besides LTB 4 . In the present study, our main aim was to find evidence of the possible transcellular biosynthesis of cysLTs using LTC 4 S Ϫ/Ϫ production of eicosanoids, as revealed by liquid chromatography/tandem mass spectrometry (LC/MS/MS) (Fig. 1) . After 2 h, eicosanoids derived from the 5LO and COX pathways of AA oxidation were detected. The most abundant metabolites in peritoneal lavage were LTE 4 , LTB 4 , and 5-HETE. Also present were LTC 4 , LTD 4 , ⌬ 6 -trans-LTB 4 isomers, 5,6-dihydroxyeicosatetraenoic acid (diHETE) isomers, and small amounts of COXderived thromboxane B 2 (TXB 2 ) and prostaglandin E 2 (PGE 2 ). Levels of 5,6-diHETEs were consistently higher (2-8 times) than levels of ⌬ 6 -trans-LTB 4 s. In subsequent experiments, ⌬ 6 -trans-LTB 4 s and 5,6-diHETEs are reported together as nonenzymatic products of LTA 4 . 6-keto-PGF 1␣ and PGF 2␣ were barely detected above background (10-20% of the PGE 2 signal). PGD 2 , PGJ 2 , PGA 2 , 20-OH-LTB 4 , and 20-COOH-LTB 4 were below the limit of detection. 12-HETE and 15-HETE were also found, but their levels were similar in control mice injected with PBS. None of the other eicosanoids was detected in mice injected with PBS or not treated at all (Fig. 2, 0 h time point) .
Zymosan-induced LT release was time-dependent. LTB 4 increased at 1 h and peaked at 2 h (see Fig. 2 , Top). 5-HETE and nonenzymatic LTA 4 metabolites followed similar time courses. In contrast, cysLTs peaked at 1 h and were decreased at 2 h, with LTE 4 remaining elevated at 3 h (see Fig. 2, Bottom) . Subsequent experiments were carried out at 2 h to assess the effects of genetic manipulation in both LTB 4 and LTE 4 levels.
The initial release of eicosanoids was likely the result of zymosan phagocytosis by resident peritoneal macrophages or mast cells, the predominant 5LO-expressing cells recovered from peritoneal cavity of unchallenged mice (27) . LTB 4 generated in the first hour of stimulation possibly helped recruit neutrophils to the peritoneal cavity, which would explain LTB 4 release at later time points. Indeed, zymosan increased MPO activity in the peritoneal lavage (see Fig. 2 ). At 3 h, MPO was maximal, but LTB 4 synthesis was lower than at 2 h, probably because of zymosan depletion. It has been shown that a second injection of zymosan 6 h after stimulation results in a second, more pronounced, burst of LTB 4 production in the peritoneal cavity of mice, consistent with increased numbers of neutrophils (28) . Further evidence linking cell population changes and LT production was provided by stimulating peritoneal lavage cells with calcium ionophore A23187 ( Table 1) . In unchallenged mice, peritoneal cells produced mainly LTC 4 , consistent with the presence of macrophages and mast cells. Upon zymosan treatment, there was a time-dependent decrease of cysLT production and an increase in LTB 4 production, likely because of macrophages being replaced by neutrophils.
Production of Leukotrienes in Transgenic Mice Deficient in Leukotri-
ene Biosynthetic Enzymes. Production of eicosanoids by WT and transgenic mice was investigated (Fig. 3) . As expected, 2 h after zymosan injection the peritoneal lavage of 5LO Ϫ/Ϫ mice showed no LTB 4 and barely detectable amounts of cysLTs. The levels of COX-derived TXB 2 and PGE 2 were similar to WT mice. No other COX-derived metabolite was increased in 5LO Ϫ/Ϫ animals, indicating that no shunting of AA substrate between the 2 oxygenases occurred in this model. These animals showed decreased MPO activity (indicative of neutrophil infiltration) and protein concentration (indicative of plasma extravasation) in the peritoneal lavage (Table 2 ), in line with sharply reduced LT levels. In LTA 4 H Ϫ/Ϫ mice, no LTB 4 was produced, but levels of cysLTs, 5-HETE and nonenzymatic products of LTA 4 were slightly increased compared to WT animals. Total production of LTA 4 (the sum of all LTA 4 -derived eicosanoids) was comparable between WT and LTA 4 H Ϫ/Ϫ mice (see Fig. 3 , Inset). In the case of LTC 4 S Ϫ/Ϫ mice, normal levels of LTB 4 , nonenzymatic LTA 4 products and 5-HETE were measured. Virtually no cysLTs were detected, and the total levels of LTA 4 produced were significantly lower than in WT mice. The reasons for this are not known at this time, but they could not be explained by differences in cell populations in the peritoneal cavity. In additional experiments with unchallenged mice, both the total number of peritoneal cells recovered and the relative content of monocytes/macrophages and mast cells were very similar between WT and LTC 4 S Ϫ/Ϫ mice.
Generation of Leukotrienes in Chimeric Mice.
A major strategy of this study was to restrict the presence of 5LO to cells of bone marrow origin, as opposed to cells of nonhematopoietic origin present in the peritoneal cavity. This was accomplished by lethally irradiating 5LO Ϫ/Ϫ mice and rescuing the animals with bone marrow cells from mice that did express 5LO, either WT, LTA 4 H Ϫ/Ϫ , or LTC 4 S Ϫ/Ϫ . The success of the transplants was confirmed by the ability of the regenerated bone marrow cells to synthesize eicosanoids upon stimulation with A23187 (Table 3) . In 42 out of 43 chimeric animals, the eicosanoid profile showed that, after the 8-week period of recovery, the bone marrow population exhibited the expected phenotype of the donor rather than the recipient mouse, validating the irradiation and implantation protocols. Bone marrow cells from LTA 4 (29) .
When irradiated 5LO Ϫ/Ϫ mice were rescued with WT cells, zymosan triggered abundant production of both LTB 4 and LTE 4 (Fig. 4) . Nonenzymatic hydrolysis products of LTA 4 were also detected, as were 5-HETE, LTC 4 , and LTD 4 . Phagocytic stimulation clearly activated the 5LO pathway, resulting in formation of LTA 4 . The amounts of LTB 4 and LTE 4 were not significantly different from WT animals that had not undergone irradiation or transplantation. Neutrophil infiltration (as indicated by MPO activity) and protein concentration were also similar to those observed in nonirradiated WT animals (see Table 2 ).
When peritonitis was induced in chimeric animals with a 5LO Ϫ/Ϫ background and bone marrow from LTA 4 H Ϫ/Ϫ animals, significant amounts of LTB 4 were observed (see Fig. 4 ). Unequivocally, this eicosanoid could only be produced in these animals through transcellular metabolism, because no cell could express both 5LO and LTA 4 H (Fig. 5) . However, the levels of LTB 4 were not as high as those in WT mice or WT 3 5LO Ϫ/Ϫ chimeras. This suggested the possibility that LTA 4 H Ϫ/Ϫ 3 5LO Ϫ/Ϫ chimeras may exhibit decreased 5LO activity, but nonenzymatic LTA 4 products, 5-HETE, and cysLTs, were measured WT mice were treated with 1-mg zymosan for the times indicated, and peritoneal lavage cells (10 6 at levels comparable to WT animals (see Fig. 4, Inset) , indicating that absence of LTA 4 H did not affect other components of LT synthesis. In these chimeric mice, MPO levels were higher than in LTA 4 H Ϫ/Ϫ animals (see Table 2 ), consistent with LTB 4 being present in the peritoneal lavage.
For 5LO Ϫ/Ϫ animals transplanted with LTC 4 S Ϫ/Ϫ cells, the most striking observation was the significant production of LTE 4 , only possible through transcellular exchange of LTA 4 (see Fig. 4 ). In these animals, no single cell expressed both 5LO and LTC 4 S (see Fig. 5 ). To our knowledge, this report of transcellular synthesis of cysLTs in an in vivo model of inflammation is unique. Moreover, this process was very efficient, as total production of cysLTs (almost 14 pmol of LTC 4 , LTD 4 , and LTE 4 ) was more than 50% of the total LTA 4 production (around 25 pmol of cysLTs, LTB 4 , and nonenzymatic LTA 4 products). Protein concentration in the peritoneal lavage of LTC 4 S Ϫ/Ϫ 3 5LO Ϫ/Ϫ mice was higher than LTC 4 Ϫ/Ϫ animals, and similar to WT, correlating with the presence of cysLTs. This suggested that cysLT transcellular biosynthesis may be sufficient to induce plasma extravasation in this experimental model.
In contrast with the production of LTB 4 and cysLTs in the peritoneal cavity of WT animals, chimeric animals of a WT background, lethally irradiated and rescued with 5LO Ϫ/Ϫ cells, were found to generate no LTB 4 and very low levels of cysLTs. There was a small but reproducible amount of LTE 4 , suggesting that a small number of cells in the peritoneal cavity of WT animals survived irradiation and remained able to generate cysLTs. It has been reported that macrophages and mast cells are relatively radioresistant (30, 31) . Compared to the robust restoration of LT synthesis in the chimeric animals described above, these experiments with 5LO Ϫ/Ϫ bone marrow provide solid support for the hypothesis that the overwhelming majority of LTA 4 generated during zymosan-induced peritonitis in the mouse is derived from bone marrow hematopoietic cells.
Discussion
Eicosanoids, such as PGs and LTs, are potent lipid mediators involved in inflammatory responses. It is not surprising that their synthesis is tightly regulated through a variety of mechanisms, some of which are not well understood, including transcellular biosynthesis. In this study, we revisited the zymosan-induced peritonitis model used to demonstrate transcellular LTB 4 synthesis (26), using additional transgenic mice and comprehensive measurement of eicosanoids to help deepen our understanding of this phenomenon.
When acute peritoneal inflammation was induced in mice by zymosan, the major LTs observed after 1 h were cysLTs, predominantly LTE 4 . We did not analyze lavages at shorter times, but it has been shown that LTC 4 is the main LT after 15 min of i.p. injection of either opsonized (32) Ϫ/Ϫ ), but no single cell could synthesize both. Parenchymal cells could not synthesize either, as they did not express 5LO. To produce both types of LTs, LTA 4 needed to be exported from bone marrow-derived cells and imported into parenchymal cells, then converted to LTB 4 and cysLTs. LTA4H and LTC 4S were both expressed in the parenchymal cell population, although not necessarily within the same cell. Bone marrow cells (10 6 in 1 ml) from chimeric mice (donor 3 acceptor) were stimulated with 0.5 M A23187. All eicosanoid products were measured by quantitative LC/MS/MS. Results (ng/10 6 cells) are average Ϯ SEM of at least 6 experiments. n.d., not detected.
Table 3. Eicosanoid production by bone marrow cells in chimeric mice
After 2 h, LTB 4 was also abundant in peritoneal lavage, most likely because of neutrophil infiltration. Assessment of the peritoneal lavage cell ability to produce eicosanoids upon stimulation and MPO activity provided evidence of a change in cell population in agreement with previous reports on this model (27, 28, 34, 35) . All these cells have a hematopoietic origin, and while other cells in the peritoneal cavity might possibly express 5LO, data from irradiated WT mice rescued with 5LO Ϫ/Ϫ cells demonstrate that none of the LTA 4 in this peritonitis model originates in cells not derived from bone marrow. Likely sources of LTA 4 are peritoneal monocytes/macrophages, mast cells, or influxing neutrophils. Although mast cells are known to release LTs in response to zymosan (36) , previous reports suggest that they are involved in LTB 4 rather than cysLT production (28, 33) . The results presented here also show that parenchyma cells of nonhematopoietic origin express downstream enzymes in the LT synthesis pathway, such as LTA 4 H and LTC 4 S.
The mechanism by which LTA 4 is transported between cells is poorly understood. This chemically reactive epoxide must be stabilized in a manner that shields it from the aqueous environment, because water rapidly hydrolyzes LTA 4 in a nonenzymatic process leading to the production of ⌬ 6 -trans-LTB 4 s (6-trans-LTB 4 and 6-trans-12-epi-LTB 4 ) and, to a lesser extent, 5,6-diHETEs (37) . In this model, however, higher levels of 5,6-diHETEs were observed, indicating preferential attack of water at carbon-6 of LTA 4 rather than at carbon-12, the thermodynamically most stable position for water to attack the delocalized carbocation after the epoxide ring is opened. This suggests that some protein is binding LTA 4 through a hydrophobic pocket, which protects carbon-12 to a larger extent than carbon-6.
When irradiated 5LO Ϫ/Ϫ mice were rescued with LTA 4 H Ϫ/Ϫ bone marrow, LTB 4 was produced transcellularly in quantities significantly lower than in WT animals, in agreement with the report from Koller and colleagues (26) . A possible explanation would be that most of the LTA 4 was hydrolyzed nonenzymatically and did not reach a cell that had LTA 4 H. Alternatively, chimeras may have generated less LTA 4 than WT mice. In this study, total production of LTs in LTA 4 H Ϫ/Ϫ 3 5LO Ϫ/Ϫ chimeric mice was found to be quite comparable to WT mice, suggesting that there was not a major change in the cell population or the activity of 5LO. The loss of LTB 4 was balanced by an increase in cysLTs and nonenzymatic LTA 4 products. In contrast, LTC 4 S Ϫ/Ϫ mice, and chimeras generated with their bone marrow, showed reduced levels of LTA 4 and other metabolites derived from 5LO. The reasons for this surprising finding may include decreased expression of 5LO or FLAP, or some unknown mechanism regulating 5LO activity in peritoneal cells. It is interesting to note that physical interaction between 5LO, FLAP, and LTC 4 S has been reported (12) , and the absence of one of these enzymes during cell differentiation may affect the stability of the others. As an additional conclusion, the fact that LTC 4 S Ϫ/Ϫ bone marrow cells were unable to synthesize LTC 4 upon A23187 stimulation, indicates that LTC 4 S was the predominant enzyme able to convert LTA 4 into LTC 4 in this model, suggesting that microsomal GSTs (38, 39) are not involved.
Transcellular synthesis of cysLTs has been shown in heterologous perfusion models with human neutrophils and rabbit hearts or guinea pig brains (40, 41) . This report provides unequivocal evidence of transcellular cysLT production in an in vivo model of inflammation in a single organism. A very surprising result was that production of cysLTs in LTC 4 S Ϫ/Ϫ 3 5LO Ϫ/Ϫ chimeric mice accounted for more than half the total LTA 4 produced. Because the only way in which cysLTs could be generated was transcellular biosynthesis, it is reasonable to conclude that transcellular production of cysLTs is a very efficient process in this model. This is consistent with the fact that more than 50% of LTA 4 produced by human neutrophils is exported from the cell (42).
Transcellular synthesis of LTB 4 and cysLTs represents only a fraction of the LTs produced in WT mice (Ϸ20-25%). These results are remarkably similar to those published by Koller and colleagues (26) , where transcellular synthesis of LTB 4 accounted for a significant portion of plasma extravasation and edema during AA-induced cutaneous inflammation. Our data on MPO activity and protein concentration suggest that LTB 4 and cysLTs produced transcellularly in this peritonitis model contribute substantially to neutrophil recruitment and plasma extravasation, respectively, supporting the potential biological relevance of transcellular LT synthesis.
In summary, this study provides evidence for the occurrence of transcellular biosynthesis of cysLTs in vivo. Given the efficiency of transfer of the reactive intermediate LTA 4 to generate cysLTs, it appears that transcellular synthesis could be a sizable component of cysLT production during inflammation and contribute to the overall inflammatory response. The separation of critical enzymes in different cells probably constitutes an additional regulatory mechanism controlling production of these important mediators, and as such it provides a potentially unique target for pharmacological intervention.
Materials and Methods
Chemicals. All chemicals and solvents were purchased from Fisher Scientific. Zymosan, BSA, hexadecyltrimethylammonium bromide (HTAB), and 3,3Ј,5,5Ј-tetramethylbenzidine (TMB) were from Sigma-Aldrich. (44) . 129S6 mice were from Taconic. C57BL mice were from The Jackson Laboratory. All animal experiments were approved by the Institutional Animal Care and Use Committee at the University of Colorado Denver.
Mouse Peritoneal Inflammation Model. Zymosan was boiled for 5 min in HBSS, resuspended at 1 mg/ml, and injected (1 ml) into the peritoneal cavity of mice. After 1, 2, or 3 h, mice were killed and the peritoneal cavity washed with 5 ml HBSS. One milliliter of the lavage fluid was added to 1 ml of methanol for eicosanoid measurement by LC/MS/MS. Separate aliquots (200 l) were used for protein measurement (bicinchoninic acid assay, Pierce) and MPO assay. For the assay, cells were resuspended in 50-mM phosphate buffer, pH 6, 0.1% gelatin, 0.5% HTAB, and incubated with TMB Liquid Substrate for 20 min, before monitoring absorbance at 570 nm.
Cells in the remaining lavage were pelleted, resuspended in HBSS, and stimulated at a concentration of 10 6 /ml (1 ml) with 0.5 M calcium ionophore A23187 at 37°C. After 10 min, 1 ml of methanol was added for extraction and LC/MS/MS analysis.
Eicosanoid Analysis by LC/MS/MS.
After addition of stable isotope-labeled internal standards, eicosanoids in peritoneal lavages or stimulated cells were extracted and analyzed essentially as previously described (29) , with some modifications: [d 5]LTC4 (5 ng) was used as an internal standard for cysLTs; solid phase cartridges were Strata-X, 33 m Polymeric Reversed Phase (Phenomenex); chromatography was performed on an Ascentis 150 ϫ 2 mm, 5 m column (Supelco), at 200 l/min with a linear gradient from 45% solvent B to 75% in 12 min, 75% to 98% in 2 min, 11 min hold and re-equilibration for 10 min; and m/z transitions were included for additional eicosanoids. Generation of Chimeric Animals. After fasting for 16 h, mice were lethally irradiated (RS-2000 X-ray Biological Irradiator, Rad Source Technologies) in a ventilated container, using 2 cycles of 300 rads with a 3-h interval. Bone marrow cells were isolated from femurs and tibias of donor mice as previously described
